JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Abstract. Spatial patterns of tree species were studied in a 50-ha tropical rain forest plot in the Pasoh forest, Malaysia. This forest is characterized by a high diversity and very high number of rare species. Out of the 745 species occurring with > five individuals, 80.4 % had an aggregated distribution, 19.5% were randomly distributed and one species had a regular distribution. The spatial patterns of rare vs. common species, juvenile vs. adult trees, and coarse vs. fine scales were compared. Rare species are generally less aggregated than common ones and most of the randomly distributed species are rare. Spatial patterns shift from high clumping to looser intensity or random distribution when moving from juveniles to adults for the same species. No adult tree species display a regular pattern, however. Regular distributions were rarely found; this is probably due to intraspecific competition at a local scale. There is a negative correlation between per capita death rate and population density.
Introduction
Point pattern analysis of species in a community can be used to detect the spatial arrangement of individuals and to generate hypotheses as to the possible underlying processes controlling the observed structure. In some communities, such as temperate forests and tundra, a single dominant regime may drive the forest towards a single type of spatial pattern (Pielou 1960; Chapin et al. 1989) . However, such cases have rarely, if ever, been observed in tropical rain forests. Instead, these forests are subjected to multiple controlling mechanisms, for instance intra and interspecific competition, predation, niche differentiation, suitability of locations, disturbance and stochastic recruitment (Janzen 1970; Connell 1971 Connell , 1978 Connell (1971) demonstrated that host-specific seed and seedling enemies (herbivores or pathogens) play the role of 'spacing agents' by preferentially attacking seeds or seedlings near conspecific adults; seeds or seedlings some distance away from adults can escape attack or may be subject to fewer attacks. Consequently, tree mortality is spatially organized, which causes the adult trees to be less strongly aggregated and reduces the possibility of finding conspecific neighbours. Given the large number of species present in tropical forests, the gaps are more likely to be occupied by some other species; this in turn tends to maximize the number of species present in any given area. However, many facts about spatial patterns in tropical rain forests do not support this hypothesis (Hubbell 1979 (Hubbell , 1980 Fleming & Heithaus 1981) . Considering the complexity of these forests, it would be more realistic to expect the mechanisms maintaining high diversity to differ from between species, from time to time, and from location to location, just as the resulting spatial patterns of species differ between species, times and locations. Some process may dominate in a specific location and time while others play minor roles, depending on the biology of the species in presence, the environmental constraints, and the spatial and temporal scales of the observations (He et al. 1994) .
In this paper, we analyse univariate spatial patterns of conspecific trees in a Malaysian tropical rain forest. The purposes of this study are to investigate how conspecific trees are spatially organized in the forest; to demonstrate that in a tropical rain forest community various spatial distributions can occur depending on the spatial and temporal scales of the observations; and to propose mechanisms to explain the observed spatial distributions. We will attempt to demonstrate that multiple rather than single controlling mechanisms are working together to organise the structure and maintain the high diversity of this forest. We fully realise that the analysis of multivariate spatial patterns (i.e. patterns of non-conspecific trees) would also be important to gain insight into the coexistence and competition of species. Since such a study would certainly be more difficult, both theoretically and methodologically, given the 825 species found in our tropical forest plot, we limit the present paper to univariate analyses. The forest tract under study is a plot of 50 ha forming a rectangle 1 km long and 0.5 km wide. The plot lies in a mostly level plain of relatively uniform terrain between two meandering streams. About half of the plot lies within a range of 2 m of topographic change; a hill rises in the centre of the plot to ca. 24 m above the lowest point. The survey consisted of enumerating all freestanding trees and shrubs at least 1 cm in diameter at breast height (DBH), positioning each one by geographic coordinates on a reference map and identifying it to species. The initial census of 1987 was repeated in 1990. The data from the 1990 survey are used in this study for spatial analysis. Whenever necessary, both surveys will be used, for example when comparing the per capita death rates between rare and common species.
Material and Methods

Study
Data analysis
Relationship between tree locations and elevation
To evaluate the relationship between species distributions and elevation, the number of individuals of a species was counted in each of 1250 (20 m x 20 m) quadrats, and the elevation in each quadrat was measured. Spearman rank correlation was used to evaluate this relationship. To reduce computations, 100 of the 825 species (totalling 45 201 individuals), were selected at random; of these, only the species with over 300 individuals were included in the analysis. This restriction was made to minimize the number of quadrats missing representatives of a species included in the analysis. 36 species were retained using this criterion. 
CI
In the Pasoh forest, the Donnelly statistic and the clumping index were used to determine the spatial patterns of all species, except those whose abundances in the whole plot were less than five individuals; 745 species were retained for the analysis.
Death rate, abundance and local abundance
To evaluate and compare the death rates of rare and common species, we used the per capita death rates of the species, obtained by comparing the censuses of 1987 and 1990. Because the study area is constant (50 ha) for all species, abundances were used instead of densities to correlate with per capita death rates. Since competition usually occurs among neighbours, it seems more informative to compare the per capita death rates to the local abundances of conspecific neighbours. Augspurger (1984) has shown that the 'effect distance' of conspecific adults on seedling survival can be as far as 25 -50 m, while other studies showed that neighbourhood effect is less than 20 m (Clark & Clark 1984; Schupp 1988) . 20 m was chosen as an eclectic cutoff in the present study. The local abundance for each species was calculated by counting conspecific trees within a 20-m radius circle centred around each individual of that species. The average of the counts was used as the local abundance for that species. In following sections local abundance as defined here will be called 'local density'. Edge effect was eliminated by including only individuals whose distances to the boundaries were at least 20 m.
Since randomly relocating the trees of all 825 species would be computationally burdensome, the same randomly selected 100 species as mentioned above were used to compare the difference between the observed local abundance and its counterpart after all trees in the plot were randomly relocated. Conspecific densities of three species were not calculated because they were represented by a single tree each.
Spatial patterns at different growth stages
The spatial patterns of tree groups at different growth stages from juveniles to adults were evaluated by dividing individuals of a species according to diameter (DBH) size, based on the assumption that younger trees have smaller diameters than adult trees (Sterner et al. 1986 ). He (1993) Our interest is to detect changes in spatial patterns of species through age rather than through an accurate developmental period. Therefore, we do not assume that the DBH criteria used to define the growth stages are biologically meaningful; the terms 'juvenile','mature', etc. are used only for convenience.
Spatial behaviour within a patch
An aggregated pattern may exhibit a regular distribution at local scale because of competition within a crowded patch (Pielou 1962; Campbell 1992 ). Therefore, a clumping pattern may be composed of two spatial components: an overall aggregation, combined with regular distribution within patches. Competition occurs at very local scales in this situation. Pielou (1962) has formulated a test for local scale competition using a truncated sample which consists of nearest-neighbour distances smaller than an arbitrarily chosen upper limit. In this test, the observed mean nearest-neighbour distance for the truncated sample is substituted for the expected mean in an equation for a truncated random distribution, and a new local density for the crowded individuals is estimated. A goodness-of-fit test is then applied to the truncated sample which is divided into classes of equal expected frequencies, assuming spatial randomness; a significant deficiency of individuals in the first class indicates regularity. The key step is to determine the density A per unit circle (radius = 1 m; q, the density per m2, is calculated by dividing A by it) and the largest nearest-neighbour distance (xo) of the truncated sample; xo is the radius of the patch.
Campbell ( The density q of the truncated sample is pf2/1 at size xo.
Object pairs falling below the regression line for distances smaller than xo are those that have an observed nearest-neighbour distance larger than expected. These pairs of points may have a regular distribution within the patch. To test whether the deviation differs significantly from randomness at x,, a one-tailed standard normal deviate test was applied, explained in more detail in Pielou (1962) and Campbell (1992) .
Results
The diversity of the plot is high: there are 334 077 individuals, belonging to 825 species. There is no clearly dominant species. The most abundant one, Xerospermum lnoronhianum, accounts for only 2.5 % of the total number of trees.
Species abundance relation.-rarity vs. c'onmmonness
The relationship between abundance and the number of species possessing that abundance, i.e., the species abundance distribution, illustrates the diversity pattern of a community. Fig. 2 The distances among conspecific trees are generally large in the Pasoh forest; this decreases chances of intraspecific interactions. The Donnelly statistic of the last section allowed testing of the null hypothesis that an observed pattern is random over the whole plot. Here we compare the observed local densities of conspecific trees to the densities after randomly relocating the trees on the map. This comparison provides an intuitive insight into the local behaviour of tree aggregation. The observed to randomized local conspecific densities, computed in a 20-m radius circle, is shown in Fig. 4 for 97 Table 2 . Comparison of the per capita death rates between rare and common species. The number of species in rare (< 50 trees) and common (> 50 trees) species groups is less than the ones listed in Table 1 
Discussion
Species-abundances relation
The species-abundance distribution in many temperate and boreal plant communities have been described by a theoretical distribution such as the lognormal or logarithmic series. The species-abundance distribution in the Pasoh forest is poorly fitted by them because of the over-abundance of rare species. The same situation was found in the Barro Colorado Island forest (Hubbell & Foster 1986 ). Apparently, the underlying processes determining the abundance relations between species are different in tropical rain forests. A model which can accommodate and explain the extraordinary number of rare species is required.
Spatial patterns of tree species
Any population in a community, at a given scale of observation, presents one of three distributions: aggregated, random, or regular, depending on the underlying processes. It has been found that few species in nature are distributed in a regular way; on the contrary, most of them are clumped, or appear to be randomly distributed at some given observation scale (Greig-Smith 1983). Species in the Pasoh forest follow this general pattern. Only Galearia maingayi is regularly distributed; aggregated patterns are dominant at the scale of the whole plot. The spatial patterns of rare species are more variable than for common species. Different factors may be at work in different types of species distributions. An aggregated pattern may occur if seeds are randomly dispersed over a heterogeneous environment, which in turn makes germination vary from site to site; or in a homogeneous environment, if individual trees grow in family groups due to vegetative reproduction, or by seeds with small dispersal distance (Feller 1943 ). Hubbell (1979) showed that in a tropical dry forest, different reproductive systems do not necessarily lead to different spatial patterns, while the methods of seed dispersal result in different clumping intensities of populations. Spatially heterogeneous environmental conditions, such as topography, can also lead to patchy distributions for some species (Hubbell & Foster 1983) . Of course, the factors that are responsible for the spatial pattern of one species may not influence another one. Connell (1971) found a similar spacing effect in tropical rain forests, which was also observed for most abundant species in the Pasoh forest. However, as far as spacing agents are concerned, the situation is complicated. Herbivores and pathogens are not the only density-or distance-responsive spacing agents; environmental factors may also modulate the action of seedling predators (Thomson et al. 1996) . Other mechanisms such as competition (both intra-or inter-specific), as well as gap dynamics, can also be density-responsive. We have shown that in very abundant species (e.g. Xerospermum noronhianum) or highly patchy ones (e.g. Mallotus leucodermis), intraspecific competition is obvious at the local scale of patches. Condit et al. (1994) also found that density dependence exists for two abundant understory species on the Barro Colorado Island. But one should not expect density-dependence effects to be overwhelming in tropical rain forests because most species are sparsely distributed. In any case, changes in the spatial pattern of conspecific trees of different ages can result from both density-independent and density-dependent processes.
Rare species. Rare species are crucially important to understand the high diversity of tropical rain forests.
There are several reasons for a species to be rare; for example, declining population (unsuccessful reproductive or high death rate), recent immigration, or a small proportion of suitable habitat. Hubbell & Foster (1986) found that most rare species are specialists either in habitat utilization (topography or edaphic conditions) or in regeneration niche (relatively ephemeral or regenerative conditions in gap openings). It implies that a high heterogeneity of environmental conditions is necessary to accommodate so many specialist species. In the Pasoh forest, we found that the environment and its associated diversity pattern are highly unpredictable (He et al. 1994 ) . On the other hand, we also showed that rare species had significantly higher per capita death rates than common species. This means that rare species have higher turnover rates, which may allow them to use regeneration niches and occupy new gap openings more quickly. This also indicates that rare species are not favoured over common ones in the Pasoh forest, i.e., frequency-dependent mortality does not work for this forest. The same result was also observed for other forests (Connell et al. 1984 ). The high per capita death rates of the rare species suggest that the maintenance of rare species is generally difficult in the Pasoh forest.
